The protein expression profiles of Rhizobium leguminosarum strains in response to specific genetic perturbations in exopolysaccharide (EPS) biosynthesis genes were examined using two-dimensional gel electrophoresis. Lesions in either pssA, pssD, or pssE of R. leguminosarum bv. viciae VF39 or in pssA of R. leguminosarum bv. trifolii ANU794 not only abolished the capacity of these strains to synthesize EPS but also had a pleiotropic effect on protein synthesis levels. A minimum of 22 protein differences were observed for the two pssA mutant strains. The differences identified in the pssD and pssE mutants of strain VF39 were a distinct subset of the same protein synthesis changes that occurred in the pssA mutant. The pssD and pssE mutant strains shared identical alterations in the proteins synthesized, suggesting that they share a common function in the biosynthesis of EPS. In contrast, a pssC mutant that produces 38% of the EPS level of the parental strain showed no differences in its protein synthesis patterns, suggesting that the absence of EPS itself was contributing to the changes in protein synthesis and that there may be a complex interconnection of the EPS biosynthetic pathway with other metabolic pathways. Genetic complementation of pssA can restore wild-type protein synthesis levels, indicating that many of the observed differences in protein synthesis are also a specific response to a dysfunctional PssA. The relevance of these proteins, which are grouped as members of the pssA mutant stimulon, remains unclear, as the majority lacked a homologue in the current sequence databases and therefore possibly represent a novel functional network(s). These findings have illustrated the potential of proteomics to reveal unexpected higher-order processes of protein function and regulation that arise from mutation. In addition, it is evident that enzymatic pathways and regulatory networks are more interconnected and more sensitive to structural changes in the cell than is often appreciated. In these cases, linking the observed phenotype directly to the mutated gene can be misleading, as the phenotype could be attributable to downstream effects of the mutation.
Soil bacteria belonging to the genera Rhizobium, Sinorhizobium, Bradyrhizobium, Mesorhizobium, and Azorhizobium (collectively termed rhizobia) are able to infect the roots of leguminous plants in a host-specific way and stimulate the formation of nodules. Inside these nodules, rhizobia differentiate into bacteroids that reduce atmospheric nitrogen to ammonia, which is used by the plant. One major characteristic of many rhizobia is the production of large amounts of acidic exopolysaccharide (EPS) molecules which serve a variety of roles in free-living rhizobia and in the establishment of symbiosis.
EPS forms a biofilm layer on the cell surface which is thought to contribute to the following processes: cellular protection against environmental stresses, attachment to surfaces, nutrient gathering, and the preferential absorption of plant secreted flavonoids along the membrane surface (5, 20, 45) . In addition, EPS biosynthesis by rhizobia is required for the effective nodulation of legumes such as Medicago, Pisum, Trifolium, Leucaena, and Vicia spp., which form indeterminate-type nodules (4, 26) . EPS-deficient mutants of Rhizobium leguminosarum bv. viciae, R. leguminosarum bv. trifolii, and Sinorhizobium meliloti induce symbiotically defective phenotypes which include delayed root hair curling, nodules devoid of bacteria due to infection threads that abort within peripheral cells of the developing nodule, and small, partially infected, non-nitrogen-fixing nodules (8, 24, 35, 42, 43) . The precise function(s) of the EPS molecules in these associations is still unclear; however, recent studies suggest that the strain-dependent variations in chemical structure of these extracellular polymers may enable EPS to function as a symbiotic signaling molecule which regulates plant responses early in the infection process (8, 10, 14, 28, 43) .
In general, EPS synthesised by R. leguminosarum is a polymer of a conserved octasaccharide repeating unit which is assembled by the sequential transfer of sugars to a growing lipid-linked polysaccharide chain. These repeating units can also be decorated by O-acetyl, pyruvyl, and hydroxybutanoyl groups (31, 32) . For R. leguminosarum strains, the genetic control of synthesis and regulation of EPS is less well understood than in the case of EPSs (EPS I and EPS II) of S. meliloti (2, 3, 12, 13, 23) . Several genes, designated pss genes, have been identified as crucial to the regulation and biosynthesis of EPS in R. leguminosarum bv. viciae, R. leguminosarum bv. trifolii, and R. leguminosarum bv. phaseoli. Functions were as-signed to most of the pss genes as a result of genetic complementation or by sequence homology to proteins of known function from other bacteria, including S. meliloti. It should be emphasised that the nucleotide sequences of pss genes from different biovars of R. leguminosarum revealed very high levels of homology, and in most cases they were even identical. Therefore, data obtained with these strains can be considered complementary.
The EPS-deficient mutant strain ANU437, which was used in this study, has been extensively characterized at the phenotypic level. The multiple defects observed suggest pleiotropic effects due to the mutation. In summary, ANU437 is nonmucoid, produces very low levels of acidic EPS (0.3% of that of the parent strain) that lacks an O-acetyl substitution, lacks a capsule, is more sensitive to phytoalexins, and induces delayed formation of small, non-nitrogen-fixing nodules on white and subterranean clovers (35) . Cellular growth is more sensitive to addition of glycine and succinate than that of the parental strain, and the symbiotic phenotype observed is condition dependent (35) . The phenotypes of VF39 pssA::Tn5, VF39 pssD::Tn5, and VF39 pssE::Tn5, which are also used in this study, are somewhat similar to those of ANU437. These strains are also nonmucoid and induce delayed formation of rare non-nitrogen-fixing nodules on Vicia faba, but they retain their ability to form nitrogen-fixing nodules on Pisum sativum and Vicia sativa (21, 36) . In contrast, strains VF39 pssA-Km and VF39 pssC-Km produce EPS at 85 and 38%, respectively, of the wild-type levels. Strain VF39 pssA-Km induces nodules on V. faba with a reduced ability to fix nitrogen, whereas VF39 pssC-Km fails to induce nodules on V. faba (25, 36) .
The pssA gene of R. leguminosarum was proposed to encode a isoprenylphosphate (IP) glycosyl transferase responsible for the first glycosyl transferase step in EPS biosynthesis, involving the transfer of a glucose-1-phosphate residue from UDP-glucose to an IP lipid carrier (6, 21, 33, 41) . Interestingly, the pssA gene described for R. leguminosarum bv. viciae VF39 has an extension of 63 codons at the 5Ј end, since translation was found to start at the first putative GTG start codon rather than the second putative start codon as described for R. leguminosarum bv. phaseoli (6) . Work by Ksenzenko et al. (25) indicated that the pssA gene could be expressed and regulated differentially from three different promoters, resulting in two translation variants of PssA, long (263 amino acids [aa]) and short (200 aa). The shorter protein is the glycosyl transferase, whereas the longer protein was postulated to have an additional function(s). Several other putative glycosyl transferase genes (pssC, -D, -E, -F, -G, -H, and -I) from a new gene cluster of R. leguminosarum that are involved in EPS biosynthesis have recently been isolated and sequenced (24, 36, 41) . The pssDE genes are thought to collectively code for a membrane-associated glucuronosyl-(␤134)-glucosyl transferase that attaches glucuronic acid (GlcA) to Glc-isoprenylpyrophosphate (33) . The pssC gene probably encodes a glucuronosyl-(␤134)-glucuronosyl transferase responsible for the third transferase step, involving the addition of GlcA to GlcA-Glc-1P* (33); however, the pssC mutant used in this study is still capable of making 38% of the amount of EPS made by the wild-type strain.
Transposon mutagenesis is often used in studies on microbes to identify and sequence genes of interest, investigate the phenotypes resulting from the mutation, and possibly assign function via analogy to homologous genes. These studies can be confounded when pleiotropic effects occur as a result of the mutation. In addition, assigning function in the context of molecular interactions and sequence homology does not always offer a full description of protein function. Protein function needs to be described in the context of higher-order processes such as expression levels and turnover, effects of posttranslational modifications on its activity, involvement in metabolic pathways and signal cascades, and effects of gene knockout or overexpression. The application of global gene expression analysis approaches, such as proteomics, can offer a more complete description of protein function (1, 22) . In addition, global gene expression studies have increasingly revealed that single mutations can have unexpected regulatory effects beyond the recognized function of the protein (11) . This study utilized two-dimensional (2-D) gel electrophoresis (2-DE) to examine the responses of various R. leguminosarum strains to specific genetic perturbations in the EPS biosynthesis pathway. The proteomes of R. leguminosarum bv. trifolii strain ANU794 and R. leguminosarum bv. viciae strain VF39 carrying lesions in either the pssA, pssD, pssE, or pssC gene, which either abolished or decreased the capacity of these strains to synthesize EPS, were analyzed for pleiotropic effects caused by the mutation. The aims of this study were to examine the interconnection of the EPS biosynthesis pathway with other cellular functions and to investigate the higher-order processes of protein function.
MATERIALS AND METHODS
Bacterial strains and symbiotic properties. The strains used in this study and their relevant characteristics are listed in Table 1 . Since the nucleotide sequences of pssA from R. leguminosarum bv. viciae (GenBank accession number L48804) and R. leguminosarum bv. trifolii (GenBank accession number Y07549) differ only in three positions (substitutions G-2224 for C, T-2226 for G, and T-2228 for A, respectively), all positions are given according to the former sequence. Strain ANU437, a mutant derivative of R. leguminosarum bv. trifolii strain ANU794, contains a transposon Tn5 insertion upstream of the second GTG start codon after position 2185, the mutant R. leguminosarum bv. viciae VF39 pssA-Km contains a Km r cassette insertion also upstream of the second start codon after position 2060, and the mutant VF39 pssA::Tn5 contains a Tn5 insertion within the central part of the pssA gene, downstream of the second GTG start codon after position 2359. The symbiotic phenotypes of the pssA mutant strains have previously been described (21, 25, 35) . The nucleotide sequence of the VF39 pssE, pssD, and pssC genes is presented in GenBank under accession number AF028810. The mutant strains with Tn5 insertions in either pssD or pssE (after positions 6466 and 6833, respectively) fail to produce EPS and to nodulate V.
FIG. 1. 2-D protein array of
R. leguminosarum bv. trifolii strain ANU794. Isoelectric focusing in the first dimension was on IPG strips with a linear gradient ranging from pH 4 to 7 (18 cm) and loaded with 100 g of total cellular protein. For the second dimension, sodium dodecyl sulfate-polyacrylamide gels (12 to 14% total acrylamide) were used. Proteins were visualized by silver staining. The circled areas correspond to regions on the gel where differences between the wild type and the pssA mutant were identified, and these areas are numbered in Fig. 2 . The framed area was further resolved using narrow-range IPG strips, and this is shown in Fig.  4 .
faba (36) . The strain VF39 pssC-Km (a Km r cassette was introduced into the SalI site after position 5063) produces EPS at levels which are 38% of wild-type levels (36) . This strain fails to induce nodules on V. faba.
Complementation. Plasmid pVF18, containing the R. leguminosarum bv. viciae VF39 pssA gene, was described earlier (21) . It was constructed by cloning of the EcoRI fragment at positions 954 to 4357 into the broad-host-range vector pSP329. Plasmid pSPRH4, containing the R. leguminosarum bv. phaseoli pssA gene, was constructed by cloning of the EcoRV-HindIII fragment at positions 588 to 1659 of the nucleotide sequence under GenBank accession number X12568. The resulting hybrid plasmids were transferred from the mobilizing strain Escherichia coli S17-1 (39) to VF39 pssA::Tn5 or ANU437 strains as described by Simon (38) .
Growth conditions and sample preparation. Rhizobium strains were grown at 28°C, on a shaker at 200 rpm, in 1 liter of BIII medium (9) . During mid-exponential-phase growth (optical density at 600 nm of 0.5 to 0.6) the cells were harvested, washed and lysed as previously described (17) .
2-DE and N-terminal sequencing. 2-DE and electroblotting to polyvinylidene difluoride (PVDF) membranes were done by previously described methods (17) . Isoelectric focusing in the first dimension was carried out on linear pH 4 to 7 and nonlinear pH 3 to 10 18-cm immobilized pH gradient (IPG) strips (PharmaciaBiotechnology, Uppsala, Sweden) loaded with 100 g (0.5 to 1 mg for preparative 2-D gels) of total cellular protein and run for 200 kV ⅐ h. N-terminal protein sequencing was done on a PROCISE-HT sequencer system or on a PROCISE-CLC (both from Perkin-Elmer Applied Biosystems, Foster City, Calif.) for verylow-abundance proteins. Proteins were excised from Coomassie blue-stained PVDF blots (17) . N-terminal protein sequences were used to search the nonredundant protein databases (SWISS-PROT, PIR, TREMBL and GenPept) using the FASTA program at URL http://www.angis.su.oz.au/. The N-terminal sequences were also screened against the shotgun sequence database made from S. meliloti genomic DNA generated by Melanie Barnett and Sharon Long from Stanford University (see http://cmgm.stanford.edu/ϳmbarnett/1xgenome.htm or follow the links from http://sequence.toulouse.inra.fr).
Staining and image analysis of 2-D protein arrays. Proteins on analytical 2-D gels were visualized by silver staining (34) and digitized at 600 dots per inch (dpi). Silver-stained 2-D protein arrays were analyzed using the MELANIE II program (Bio-Rad, Hercules, Calif.) for the qualitative and quantitative analysis of differentially displayed protein spots. Internal protein standards were used as pI and M r reference points (17, 18) . Three independent experiments with each mutant strain were performed for the analysis of the differences in protein synthesis. A spot was classified as being differentially displayed if the relative spot volume ratio varied more than twofold between mutants and parental wild-type strains in at least two out of three independent experiments.
RESULTS
Altered levels of expression of several gene products in an R. leguminosarum bv. trifolii strain in response to Tn5-induced mutation of pssA. The proteomes of the EPS mutant ANU437 FIG. 2. 2-D protein array of R. leguminosarum bv. trifolii strain ANU437 (ANU794 pssA::Tn5). The protein differences identified between ANU794 and ANU437 are circled and assigned arbitrary numbers. The framed area was further resolved using narrow-range IPG strips, and this is shown in Fig. 4. and the wild-type parent ANU794 are shown in Fig. 1, 2 , and 3. Image analysis revealed over 2,760 soluble proteins of R. leguminosarum bv. trifolii, resolved as spots in the pI range of 3 to 10 and size range of 10 to 122 kDa. Twenty-three reproducible differences in the levels of protein synthesis were detected when ANU437 was compared with ANU794. Since these proteins are altered in the mutant strain, they have been termed pssA mutant-responsive proteins, and these were grouped as members of the pssA mutant stimulon. The pssA mutant stimulon consists of 15 up-regulated gene products, designated n2, n3, n8, n11 to n13, n15, n17 to n23, and n25 ( Fig. 2 and 3 ), many of which were grossly up-regulated in their levels of abundance. Seven gene products, designated n4 to n7, n9, n16, and n24, were newly synthesized, and protein spot n26 was down-regulated. Narrow-range IPG strips were used for the first dimension of 2-DE to further resolve the proteins occurring in the pI range of 4.5 to 5.4, where many of the spot differences were located, and these are depicted in Fig. 4 . The changes in the relative synthesis levels (relative spot volume ratios) of the pssA mutant stimulon proteins are given in Table 2 .
Identifying members of the R. leguminosarum bv. trifolii pssA mutant stimulon. The N-terminal amino acid sequences of 15 members of the pssA mutant stimulon were analyzed after they had been electroblotted onto a PVDF membrane and visualized with Coomassie brilliant blue (Table 3) . Interestingly, four pairs of newly induced or up-regulated proteins (n4 and n6, n5 and n7, n15 and n21, and n17 and n22) had identical Nterminal sequences. These proteins, except for n17 and n22, most likely represent distinct protein isoforms of similar molecular masses but different pI values. This heterogeneity in charge is likely due to in vivo posttranslational modifications, which can significantly alter the charge on the proteins (46) . Interestingly, spots n17 and n22 shared similar pI values, but n22 is approximately four times the size of n17. Spot n22 may represent a protein complex comprised of four n17 subunits, a Arbitrary numbers were assigned to proteins which exhibited a change in their relative synthesis levels in response to a Tn5 insertion in the pssA gene of ANU794.
b Relative spot volume ratio for a protein from ANU794 and ANU437 of greater (ϩ) or less (Ϫ) than two-, three-, or fivefold.
c Observed M r and pI of the protein based on the migration of proteins in the gels.
which failed to completely dissociate with the 2-D solubilization and separation procedures used.
Sequence alignment searches of the nonredundant protein database revealed that only three protein species exhibited significant sequence homology to previously identified proteins. One differentially displayed protein (n14) was identified as aminoglycoside-3Ј-O-phosphotransferase, encoded by the Tn5 transposon present in the pssA mutant but not the parental strain (Fig. 4) , as expected. Protein spot n2 showed sequence homology to MigA from Pseudomonas aeruginosa. MigA is homologous to glycosyltransferases of other gramnegative bacteria that are involved in the biosynthesis of lipopolysaccharides or EPSs (44) . The protein isoforms n15 and n21 matched the glutamine-binding periplasmic protein (GlnH) from E. coli, starting from the residue Ala-23 of the precursor. It has been shown that a signal peptide of the GlnH precursor consists of 22 N-terminal residues (30) . Twelve proteins representing nine protein species did not display any significant sequence homology to proteins currently available in the database. All of the open reading frames of Tn5 are known, so none of the nine species are due to Tn5 proteins. This low success in cross-species homology searching is not surprising considering that rhizobia are poorly characterized at the molecular level and that the mutant-responsive proteins of the pssA mutant stimulon are condition specific.
A further attempt to identify proteins with homology to those altered in abundance in strain ANU437 was done by screening the N-terminal sequences against a shotgun database of the entire S. meliloti genome that was translated in all six reading frames (see Materials and Methods). None of the sequenced proteins showed significant homology to entries in this database.
Pleiotropic alterations in the levels of cellular protein synthesis in R. leguminosarum bv. viciae containing a lesion in the pssA gene. Proteins synthesized in the R. leguminosarum bv. viciae VF39 pssA::Tn5 and VF39 pssA-Km strains were analyzed by 2-DE and compared to those of the wild-type strain ( Fig. 5 and 6 ). Consistent with the results found with ANU437 and ANU794, 22 reproducible spot differences in the level of synthesized proteins were observed between wild-type VF39 and VF39 pssA::Tn5 (Fig. 6) . The relative spot volume ratios of these mutant-responsive proteins are given in Table 4 . Most of the observed differences involved the up-regulation of gene product expression, while some proteins appeared to be newly synthesized, repressed, or down-regulated in response to the Tn5 mutation. Of the differences observed for VF39 pssA::Tn5, only two mutant-responsive proteins exhibited electrophoretic mobilities similar to those observed for ANU437. These similar spot differences are arbitrarily designated n22 and n15 in the protein profile of ANU437 (Fig. 2) and, respectively, v1 and v7 in the protein profile of VF39 pssA::Tn5 (Fig. 6 ). Only two protein differences were observed between VF39 pssA-Km and wild-type VF39 (Fig. 5) . They involved the induction of two proteins (v26 and v27).
Proteome analysis of the pssC, pssD, and pssE mutant derivatives of R. leguminosarum bv. viciae. To examine whether the observed changes in gene expression of the EPS mutants were a result of a dysfunctional pssA gene product or due to a response by the cell to the loss of EPS, we analyzed the proteomes of mutants VF39 pssC-Km, VF39 pssD::Tn5, and VF39 pssE::Tn5, which carry mutations in putative glycosyl transferases involved in EPS biosynthesis. Of the 22 protein changes associated with VF39 pssA::Tn5, 9 were also present in the VF39 pssD::Tn5 and pssE::Tn5 mutants at levels similar to those found in the pssA mutant. These were spots v2 to v5, v9, v13 to v15, and v20. The other 13 pssA::Tn5-associated spot changes were present at wild-type levels in the pssD and pssE mutants. Interestingly, no differences were detected between the mutant VF39 pssC-Km and wild-type VF39, except for one induced spot with an electrophoretic mobility similar to that of v27 in the VF39 pssA-Km proteome which is, therefore, most likely associated with the Km r cassette. Complementation analysis of pssA mutants. The plasmids pVF18 and pSPRH4, containing cloned pssA genes from R. leguminosarum bv. viciae VF39 and R. leguminosarum bv. phaseoli 8002, respectively, were transferred into the pssA mutants ANU437 and VF39 pssA::Tn5. In the case of R. leguminosarum bv. phaseoli, pssA translation starts from the second GTG start codon, leading to a 200-aa-long polypeptide (6) . In all four cases, the transconjugants acquired a mucoid morphology comparable to that of the parental strains and were fully complemented for their nodulation-deficient phenotype.
The proteomes of the transconjugants were analyzed to determine the extent to which the wild-type gene can correct the gene expression changes associated with the Tn5 mutation of pssA. 2-D gel comparisons between the ANU437 transconjugants and parental strain ANU794 revealed that all of the protein differences previously observed in ANU437, except for aminoglycoside-3Ј-O-phosphotransferase encoded by Tn5, were completely corrected. In contrast, the VF39 mutants harboring plasmid pVF18 or pSPRH4 were not fully complemented at the protein synthesis level. Most of the differences observed between VF39 pssA::Tn5 and wild-type VF39 were still present, except for spots v1, v5, v9, v10, v13, v15, and v18, which were corrected to wild-type levels in both VF39 transconjugants. The intensity of spot v22 was reduced to a level closer to that of the wild type.
Grouping the mutant-responsive proteins into EPS-and pssA-dependent responses. Table 5 shows a comparative analysis of the 22 protein differences identified in the VF39 pssA::Tn5 mutant for the transconjugants and pssD, pssE, and pssC mutants. From the results obtained, the 22 mutant-responsive proteins can be divided into three groups. Group 1 consists of proteins which are responsive to the absence of EPS and include those protein spots whose synthesis levels differed only in strains failing to produce EPS (spots v5, v9, v13, and v15). Group 2 consists of proteins whose wild-type synthesis levels were dependent on the presence of a functional PssA. This group included the protein spots v1, v7, v8, v10, v16 to v19, and v21 to v25. Group 3 consists of proteins which are up-regulated to the same levels in all strains, including pssA transconjugants, but are at wild-type levels in the pssC mutant (v2 to v4, v14, and v20).
DISCUSSION
Transposon mutagenesis combined with 2-DE-based proteomics has provided an effective approach to analyzing the FIG. 5. 2-D protein array of proteins expressed in R. leguminosarum bv. viciae strain VF39 and resolved in the pI range of 4 to 7. The circled areas correspond to regions on the gel where differences between the wild type and the pssA mutant were identified, and these areas are numbered in Fig. 6 . Differences between VF39 and VF39 pssA-Km were found only within the framed area, which is enlarged on the right. The spot differences are designated v26 and v27.
higher-order processes of protein function and the complex interconnection of the EPS biosynthetic pathway with other cellular networks. A lesion in either pssA, pssD, or pssE, all of which abolish EPS biosynthesis, resulted in a pleiotropic response at the protein synthesis level in R. leguminosarum bv. trifolii and R. leguminosarum bv. viciae backgrounds. These results demonstrate the complexities of EPS biosynthesis and regulation, which are likely to involve cross talk between regulatory components from different networks, and it is possible that these networks are conserved in these two biovars of R. leguminosarum.
The pleiotropic response to pssA mutation included the upand down-regulation, repression, and induction in the levels of synthesis of 22 and 23 proteins, respectively, in the R. leguminosarum bv. viciae and R. leguminosarum bv. trifolii mutant strains. A polar effect of the mutation has been ruled out as a reason for these changes in protein synthesis, since (i) a rather strong transcriptional terminator has been identified downstream of pssA, (ii) an open reading frame situated further downstream is transcribed in the opposite direction (21) (GenBank accession number L48804), and (iii) pssD and pssE are not transcribed from the same promoter as pssA. The members of the pssA mutant stimulon represent a functional group, and by further characterizing the members of this group, one can infer more about the function of PssA.
The biological significance of the pssA mutant stimulon proteins remains unclear, as the majority of the N-terminal protein sequences obtained from ANU437 show no homology to sequences available in the current databases. Furthermore, several of these proteins were present as distinct isoforms exhibiting identical N-termini and M r s but different pIs. Two up-regulated proteins, however, showed significant homology at the N terminus to a putative glycosyl transferase, MigA, from the human pathogen P. aeruginosa, and to a glutaminebinding periplasmic protein GlnH from E. coli. MigA is thought to be involved in the biosynthesis of lipopolysaccharides or EPS in P. aeruginosa, and its expression is induced by respiratory mucus derived from individuals with cystic fibrosis (44) . Interestingly, P. aeruginosa is nonmucoid when first recovered from the respiratory tracts of infected individuals, compared to the normal mucoid phenotype (15) , suggesting that MigA is induced in response to signals which regulate the levels of lipopolysaccharide and EPS biosynthesis. The expression of the R. leguminosarum bv. trifolii MigA homologue could also be regulated by a similar condition-dependent mechanism, but this requires further investigation. Previous analysis of the extracellular polysaccharides made by ANU437 (35) did not shed light upon a role that this potential MigA homologue might have in the elaboration of an alternative EPS or lipopolysaccharide. GlnH from E. coli forms part of ABCtype solute uptake systems that transport glutamine across the cytoplasmic membrane. The expression of glnD is significantly up-regulated in E. coli cells grown under conditions where glutamine is limiting (29) , as would be expected. A possible explanation for the up-regulation of the R. leguminosarum bv. trifolii GlnH homologue in ANU437 is that EPS is required for nutrient gathering and concentrating diffusible molecules from the external milieu along the cell surface. The inability to 
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a Arbitrary numbers were assigned to proteins which exhibited a change in their level of synthesis in response to a Tn5-induced mutation in the pssA gene of R. leguminosarum bv. trifolii strain ANU794. These numbers correspond to those in Fig. 3, 4 , and 5.
b N-terminal sequences are shown by using the single-letter for amino acid residues. A comparison of similar sequences is displayed. Colons indicate identical amino acids, and single dots indicate conserved amino acid substitutions.
d The predicted molecular weights and isoelectric points of the matched sequences were calculated from the amino acid sequence of the protein using the "compute pI/M.m" tool accessed on the ExPasy server (http://www.expasy.ch).
concentrate nutrients on the cell surface of ANU437 may lead to nutrient deficiency and an up-regulation of this gene and its protein product. We could not find any evidence in the literature to directly link GlnH with EPS synthesis.
The mode of pssA gene expression in the R. leguminosarum biovars trifolii and viciae remains unclear. It is not known whether it is translated in the form of long (263-aa) or short (200-aa) polypeptide. In this study, however, it is clear from the proteomes of the complemented R. leguminosarum bv. trifolii ANU437 transconjugants that the putative 63-aa extension does not play a role in the observed protein differences. We deduced this since the pssA gene from R. leguminosarum bv. phaseoli, which does not have the 63-aa extension, completely restored the proteome of ANU437 to that of the wild type. This is also consistent with the observed proteome for the VF39 pssA-Km mutant. In the latter strain, a Km r cassette was inserted into the pssA gene just upstream of the Ϫ10 sequence of P3 promoter, in contrast to ANU437, where the Tn5 insertion was located downstream of this promoter. Therefore, in the case of VF39 pssA-Km, one can expect the synthesis only of the short version of PssA, although at a reduced level, from the altered P3 promoter or a promoter localized in the Km r cassette. The mode of pssA gene expression in rhizobia and the functional significance of a 63-aa extension is currently being investigated using antibodies against PssA (V. N. Ksenzenko and T. V. Ivashina unpublished data).
In contrast to the case for ANU437, complementation of VF39 pssA::Tn5 did not completely restore protein synthesis levels to that of the wild type, even though EPS biosynthesis and nodulation efficiency were restored. The transconjugants are merodiploid, since the mutated pssA allele on the genome is genetically complemented rather than genetically replaced and Tn5 is retained in the complemented strain (the strain retains kanamycin resistance, and the protein product of the kanamycin resistance gene is observed on 2-D gels). The only obvious difference between the two pssA mutant strains is the location of the transposon Tn5 within the pssA gene. In the case of VF39 pssA::Tn5, one can hypothesize the synthesis of a truncated PssA protein, since the Tn5 insertion is localized 40 codons downstream of the second GTG codon. In the case of ANU437, a truncated protein cannot be synthesised at all if translation starts from the second GTG codon, or only a short 45-aa polypeptide can be synthesized if translation starts from the first GTG codon. The coexpression of a truncated product with the wild-type protein in the transconjugants may interfere with the function(s) of the latter in a well-recognized process called the dominant-negative inhibition effect (19) . Indeed, dominant-negative inhibition has been previously observed in genes involved in EPS synthesis (16) . This effect has been used to determine protein function and is common to proteins which form multicomponent complexes but has also been observed for monomeric enzymes (27, 40) . In most cases, the mutant variants interfere with the functional assembly of wildtype proteins whose activity depends on oligomerization, interfere with the folding pathway of monomeric wild-type enzymes, or act as competitive inhibitors of the wild-type enzyme when substrate is limiting (19, 27) . One could speculate that a truncated pssA gene product may have an inhibitory effect on the activity of unknown functional domains in the wild-type protein, other than the glycosyl transferase domain, because the merodiploid strain produce EPS and nodulates effectively. This hypothetical truncated protein may affect the levels of expression of a number of proteins involved in other regulatory networks. This phenomenon may explain why full complementation is not observed for the VF39 pssA::Tn5 transconjugants. In the case of ANU437, a putative 45-aa polypeptide could be either unstable or insufficient for interaction with wild-type protein compared to the longer truncated protein synthesized in VF39 pssA::Tn5. To determine if a dominant-negative effect is occurring, immunochemical analysis of different forms of the PssA in rhizobium cells needs to be carried out, and this work is currently in progress (Ksenzenko and Ivashina, unpublished data).
By comparing the proteomes from the pssA, pssC, pssD, and pssE mutants of VF39 along with the proteomes from the VF39 pssA::Tn5 transconjugants, the 22 protein differences were grouped into three categories. Mutations in either pssD or pssE led to the loss of EPS synthesis and to the alteration of 9 of the same 22 proteins affected in the corresponding pssA mutant. The 13 other proteins were present at wild-type levels in these two mutants, and these are likely to represent a group of proteins whose synthesis levels change in response to a dysfunctional pssA gene product. Together with the dominantnegative inhibition effect observed, these results further suggest a previously unrecognized multifunctional nature of PssA. Others have proposed earlier that the pssE and pssD genes encode different subunits of the same glycosyl transferase (36) . The identical differences in protein synthesis observed for both the pssD and pssE mutants support this hypothesis. Interestingly, no differences in protein synthesis levels were detected in the case of the pssC mutant. From this one can conclude that a complete or nearly complete block in EPS synthesis is needed to induce the observed changes, since reduction of EPS production by more than 60% does not cause any alterations in the VF39 proteome.
A response to the absence of EPS is likely to involve proteins such as the previously mentioned GlnH homologue which are likely to be dependent on the putative functional roles attributed to EPS in nutrient gathering. Alternatively, a block in the EPS biosynthetic pathway, particularly at the pssA step, may lead to an increase in the cellular pool of UDP-glucose, which would likely be filtered through to other pathways, and thus an absence of EPS may indirectly affect the levels of expression of proteins involved in these pathways. In addition, Pollock et al. (33) have suggested that the formation and accumulation of incomplete lipid-linked intermediates in EPS mutants may be detrimental largely because the cells are likely not to release the IP carrier from the incomplete repeat structure for other essential cellular functions such as the synthesis of peptidoglycan. It is possible that this disruption provides a secondary signal to disrupt regulatory networks or other metabolic pathways. However, in the pssD, pssE, and pssC mutants the presence of incomplete lipid-linked intermediates in the cells did not appear to further affect protein synthesis, as no differences apart from to those 22 observed for pssA were seen and a free IP carrier is available in the pssA mutant.
One other group of proteins exhibited elevated synthesis levels in all mutant strains and the transconjugants, except the pssC mutant. These proteins are unlikely to be associated with the Tn5 transposon, as they are not present in ANU437 and have M r s and pIs that differ from those of Tn5-encoded proteins. Sequence information would need to be obtained to investigate the relevance of these proteins. Since these protein differences are absent from the pssC mutant, one explanation is that the gene products of pssA, pssD, and pssE may form a functional protein complex, as postulated for EPS production in S. meliloti (12) , and that the disruption of this complex by mutagenesis or by a truncated pssA gene product may lead to the up-regulation of a unique set of proteins.
Studying the proteomes of EPS mutants has become particularly relevant to functional analysis, especially in terms of higher-order processes such as protein-protein interactions and the description of novel networks of interactions. The results from this study have indicated that the pssA gene product, in addition to being a glycosyl transferase, may also serve other functions by directly or indirectly influencing the expression of a complex series of unknown genes. The more that is known about the proteins exhibiting the response, the more that can be inferred about the function of PssA. In addition, a Arbitrary numbers are assigned to proteins which exhibited a change in their relative synthesis levels in response to a Tn5 insertion in the pssA gene of VF39.
b Relative spot volume ratio for a protein from VF39 and VF39 pssA::Tn5 of greater (ϩ) or less (Ϫ) than two-, three-, or fivefold.
c Observed M r and pI of the protein based on the migration of the gels.
the large number of genes whose expression is altered in response to a perturbation in the pssA gene highlights the challenges of understanding the higher-order processes of protein function and the complex interconnection of functional networks. 
